Authigenic carbonates, principally calcium-rich dolomites, with extremely variable isotopic compositions were recovered in organic-rich marine sediments during Leg 63 drilling off southern California and Baja California. These carbonates occur as thin layers in fine-grained, diatomaceous sediments and siliceous rocks, mostly deposited during the Neogene. A combination of textural, geochemical, and isotopic evidence indicates these dolomites formed as cements and precipitates in shallow subsurface zones of high alkalinity spawned by abundant CO 2 and methane production during progressive microbial decay of organic matter. Depths and approximate temperatures of formation estimated from oxygen isotopes are 87 to 658 meters and 10°C to 50°C, respectively. Within any sedimentary section, dolomites may form simultaneously at several depths or at different times within the same interval. Highly variable carbon isotopes (-30 to + 16‰) reflect the isotopic reservoir in which the carbonates formed. Oxidation of organic matter through microbial reduction of sulfate at shallow depths favors light-carbon carbonates such as those at Sites 468 and 471; heavy-carbon carbonates at Site 467 most likely formed below this zone where HC 12 O 3~ is preferentially removed by reduction of CO 2 to methane during methanogenesis. An important controlling factor is the sedimentation rate, which dictates both the preservation of organic matter on the sea floor and depth distribution of subsurface zones of organic-matter decay.
INTRODUCTION
The publicity surrounding the discovery of primary dolomite forming in hypersaline settings (e.g., Deffeyes et al., 1964; Kinsman, 1965; Shinn et al., 1965) and the recognition of the quantitative importance of secondary dolomitization of existing limestones and carbonate sediments through reflux of mixed meteoric and hypersaline waters (e.g., Badiozamani, 1973; Dunham and Olson, 1979) tend to overshadow a third significant site of dolomite formation-the deep-sea environment. Reports of scattered rhombic crystals and detrital grains in deep-sea sediments are common (summary and references in Milliman, 1974 ). Yet more intriguing are dolomitic cements, layers, and concretionary zones associated with rapidly deposited, organic-rich, finegrained sediments along continental margins and in small ocean basins (e.g., Russell et al., 1967; Murata et al., 1969; Deuser, 1970; Supko et al., 1974; Hein et al., 1979; McKenzie et al., 1980) . This lithologic affiliation-dolomite and organic-rich sediments-and the extreme variability of carbon and oxygen isotopic compositions observed in these carbonates directed a number of investigators to postulate formative conditions of shallow burial and low temperature in association with carbon dioxide and methane produced during the microbial breakdown of organic matter (e.g., Spotts and Silverman, 1966; Hathaway and Degens, 1969; Deuser, 1970; Murata et al., 1969; Irwin et al., 1977; Hein et al., 1979; Friedman and Murata, 1979) .
Initial Reports of the Deep Sea Drilling Project, Volume 63.
During Leg 63 we recovered authigenic carbonates at six sites off southern California and Baja California (Fig. 1 ). This report interprets the origin of these carbonates at selected sites on the basis of sedimentological, textural, chemical, and isotopic data presented herein.
METHODS
We surveyed macroscopic textures of the authigenic carbonates of this study from slabbed core surfaces. Detailed information on microtextures of selected specimens comes from smear slides, thin sections, and scanning electron microscopy (SEM). We used x-ray diffraction (XRD) scanning at 20 = 1 Vmin employing nickel-filtered CuKα radiation to establish carbonate mineralogy and overall compositions of the associated sediments. Detailed XRD scans at 20 = l/2°/min provided estimates of the MgCO 3 content (mole °/o) of dolomites and calcites (Goldsmith and Graf, 1958) . We made no chemical determinations of iron or manganese in these carbonates. Solution chemistry of interstitial waters and total organic carbon analyses of associated sediments were measured aboard the Glomar Challenger during Leg 63. Additional measurements of total organic carbon of the authigenic carbonates of this study were preformed onshore using a LECO WR-12 carbon analyzer.
Carbon-13 and oxygen-18 analyses were done commercially through Geochron Laboratories in Cambridge, Massachusetts. The method of CO 2 extraction with phosphoric acid follows McCrea (1950) , using standard corrections discussed by Craig (1957) . We report all values in parts per thousand (%) using the standard delta notation: phosphoric acid. For samples containing both calcite and dolomite, we dissolved calcite prior to isotopic analyses by repeated washings with small amounts of 0. IM acetic acid buffered at pH = 5, verifying complete calcite removal with XRD (M. Kastner, personal communication, 1979) . This treatment may also remove minor amounts of dolomite, particularly the finer-grained crystals. Figures 1 and 2 summarize the distribution of diagenetic carbonates and associated lithofacies at Leg 63 sites. At Site 467 in the outer California Continental Borderland and at Site 471 off Magdalena Bay, Baja California, these dolomites and dolomitic limestones occur as discrete, decimeter-thick zones in pyrite-bearing, diatomaceous sediments, porcellanites, and siliceous rocks; these zones are reminiscent of concretionary carbonates that punctuate similar Neogene siliceous strata in the circum-Pacific region (Fig. 3) . The thickest interval we recovered measures 1.3 meters (Section 467-63-1), although the range is typically less-10 to 50 cm. Spacing between intervals varies in the range of 9 to 67 meters at Site 467 and 8 to 132 meters at Site 471. Degree of cementation is also variable; centers of single carbonate intervals are commonly hard and wellcemented, with decreasing carbonate content above and below. Sedimentary structures within the carbonate intervals include abundant burrows and lenticular bedding (Fig. 3, A) . These structures are identical to those in the enclosing host sediment, but are often better preserved due to superior recovery of the limey intervals (e.g., Fig. 3, A and D) .
DISTRIBUTION OF CARBONATES AND ASSOCIATED LITHOFACIES
Diagenetic carbonates recovered at Site 468 are dolomitic silty claystones that are interbedded with volcaniclastic sediments-andesitic breccia, lapilli tuff, and volcaniclastic sandstone (Fig. 2) . These sediments occur below about 250 meters in Hole 468B at this site. A single fragment was recovered at 184 meters in Hole 468.
At Site 469 in the outer California Continental Borderland and at Sites 470 and 472 off Baja California, dolomite occurs in clayey and chalky sediments immediately above contacts with igneous rocks (Fig. 2) . At Site 469, the dolomitic interval is a burrow-mottled, quartz-cemented chalk about 5 cm thick. Dolomite at Sites 470 and 472 occurs as scattered rhombic crystals associated with pyrite and manganese mineralization in clayey nannofossil chalk and nannofossil clay. An approximately meter-thick section of chalk immediately overlying basalt is dolomitic at Site 470, just as at the nearby experimental Mohole site (Murata and Erd, 1964) . At Site 472, several thin (5-10 cm) intervals of iron-rich, dolomitic nannofossil ooze occur in Core 12 about 10 meters above basalt.
MINERALOGY AND TEXTURE
Calcium-rich dolomite is the principal diagenetic carbonate in the samples investigated in this study. Magne-sium contents are variable (44-51 mole % MgCO 3 ; Table 1 ), and weak XRD ordering reflections are present. Calcite occurring with dolomite in many of the samples from Site 467 is principally low-magnesium calcite comprising primary coccolith debris. The single diagenetic limestone encountered is also composed of low-magnesium calcite (Sample 471-33,CC, Table 1 ).
Leg 63 authigenic carbonates display a complete spectrum of microtextures-from dolomitic silty claystones (with a scattered distribution of small dolomite crystals set in a clayey matrix containing detrital quartz and feldspar and well-preserved foraminifers) to clayey dolomites composed of interlocking, 5 to 10 µm-size crystals (Fig. 4 A-C) . Dolomite cements or impregnates the host claystone or siliceous ooze rather than replaces existing biogenic carbonate. Foraminifers are typically well preserved with only sparse intrachamber growths of dolomite, analcime, and clinoptilolite crystals (Fig. 4  D-F) . Likewise, coccoliths are commonly unaltered and often occur adjacent to euhedral dolomite crystals (Fig.  4 , G-H). The poorly indurated limestone (Sample 471-37,CC) has a sugary texture both in hand specimen and thin section. In this sample, individual calcite grains appear fragmental with ragged edges, perhaps an indication of some transport prior to deposition (Fig. 4, I ).
CARBON AND OXYGEN ISOTOPES
We measured carbon and oxygen isotopes of authigenic carbonates only at Sites 467, 468, and 471. 
INTERSTITIAL WATER CHEMISTRY
Shipboard geochemical analyses of interstitial water squeezed from sediments recovered at Sites 467, 468, and 471 are displayed on Figure 5 . Calcium and magnesium profiles at Sites 467 and 471 typify results at many DSDP sites (e.g., Gieskes, 1975; Sayles and Manheim, 1975 Salinity remains constant at near normal ocean-water values at Site 468 but decreases several parts per mil with depth at Sites 467 and 471. And pH is nearly invariant ( = 7) at Site 467; it increases slightly with depth at Site 468. The pH profile at Site 471 is more variable, decreasing from 8 to 7 over the first hundred meters, then increasing to 7.5 at greater depths.
DISCUSSION

Geochemical Considerations
Mg/Ca ratios, salinity, temperature, and reaction kinetics are major factors influencing the formation of dolomite, either by direct precipitation from solution or by transformation of existing carbonates (Folk and Land, 1975) . In evaporitic settings and hypersaline environments, primary precipitation of dolomite is apparently favored by: (1) high Mg/Ca molar ratios (-6-10), facilitated by the precipitation of gypsum and the concomitant loss of Ca; (2) high activity of Mg relative to Ca in the brine, presumably to ensure a high degree of ordering in the dolomite lattice and to overcome ionic interactions at high salinities; and (3) supersaturation of the brine with respect to dolomite (Folk and Land, 1975) . At many DSDP sites in the deep ocean, well away from present or past sources of fresh or meteoric waters, the chemical composition of the interstitial fluid varies with depth from normal sea water to chemically modified compositions resulting from diagenetic reactions in the sediment (e.g., Sayles and Manheim, 1975) and/or from alteration of volcanic matter and basalts (e.g., Lawrence et al., 1975) . The Mg/Ca molar ratio of this water varies from a sea-water value of 5 to an Mg-depleted value of 1 or slightly less over about a kilometer of burial. The Mg depletion is sometimes ascribed to dolomitization of biogenic carbonate in the sediment (Sayles and Manheim, 1975) . Elevated temperatures associated with burial (Rosenberg et al., 1967; Usdowski, 1968) and the presence of certain organic acids derived from the microbial decomposition of organic matter (Kitano and Kanamori, 1966) apparently promote dolomitization of pre-existing calcite by reducing the degree of hydration of magnesium, thereby facilitating entry of these ions into the calcite structure.
Microbial decay of organic matter in sediments at low temperatures associated with shallow burial (< ~ 100 m) can significantly alter the composition of interstitial waters (Siever et al., 1965) . In anaerobic marine environments specific reactions at shallow burial depths include bacterial reduction of sulfate in the oxidation of organic matter and reduction of CO 2 to methane (Table 2 and references therein). The latter reaction occurs only after reduction of sulfate is complete (Nissenbaum et al., 1972; Claypool et al., 1973) . These organic degradation processes are significant because they produce bicarbonate that both affects the solubility of existing calcite and contributes carbonate ions for incorporation in and direct precipitation of authigenic carbonates including dolomite (e.g., Sass and Kolodny, 1972 combined in these authigenic carbonates has a distinct isotopic signature (Table 2 and following section). The lithologic and textural data presented in Figures  3 and 4 include the perfect preservation of primary sedimentary structures and the inclusion of unaltered calcareous and siliceous microfossils in dolomitic intervals. These data argue that dolomites at Sites 467, 468 and 471 formed as cements and impregnations of organicrich sediments via direct precipitation from pore waters rather than as products of dolomitization of existing carbonates. At Site 467 a distinct alkalinity maximum is associated with the shallowest dolomite occurrence (Fig.  5 ). In addition, the absence of sulfate in interstitial waters, and abundant methane, framboidal pyrite, and organic carbon reported from cores taken below 70 meters at this site ( Fig. 5 and references therein) indicate advanced anaerobic oxidation of organic matter through microbial reduction of sulfate to the point of methane production (e.g., Claypool and Kaplan, 1974) . Supersaturation of pore waters could result in precipitation of dolomite according to reaction III in Table 2 . The subsurface chemical environment at Site 471 is somewhat similar to that at Site 467, although the zone of high alkalinity is missing; the shallowest significant methane occurrence at this site is at about 350 to 400 meters (Fig. 5) . At Site 468 neither high alkalinities nor significant methane values were encountered in the subsurface.
The scattered dolomite rhombs in sediments associated with igneous rocks at Sites 469, 470, and 472 may be primary precipitates, although, in contrast to Sites 467, 468, and 471, the associated pore waters may have been hydrothermally influenced (e.g., Thompson et al., 1968) .
Isotopes
Carbon and oxygen isotopic compositions of Leg 63 diagenetic dolomites lie mostly within the observed field for "organically derived" dolomites (Fig. 6) . Although the single authigenic calcite analyzed (Sample 471-37,CC) falls within the fresh-water limestone field in this diagram, it matches reported isotopic values for organically derived calcites from the southern Bering Sea (Hein et al., 1979) . Two nannofossil claystones (calcite) lie well within the range of marine limestone.
Oxygen Isotopes-A Crude Thermometer
Unlike the well-known calcite-water fractionation (O'Neil et al., 1969) , the isotopic fractionation between dolomite and water at low temperatures is still rather uncertain. Temperatures of formation of dolomite may be estimated from its oxygen isotopic composition by using experimental dolomite-water or protodolomitewater fractionation expressions (Fig. 7) or by subtracting 0.06% per mole % MgCO 3 from the observed δθ 18 value of dolomite (Tarutani et al., 1969) and then using the calcite-water fractionation. We used the experimental protodolomite-water fractionation expression (curve c in Fig. 7 Fig. 7 ). In addition we assumed all carbonates equilibrated with fluid having δθ 18 = 0.0‰ SMOW. This assumption yields maximum formation temperatures, because many δθ 18 profiles of interstitial waters at DSDP sites begin at 0% near the sediment/ water interface and show an average depletion gradient of about -0.5‰/100 meters of burial (e.g., Lawrence et al. , 1975) . Each -0.5‰ δO‰ depletion would decrease the computed formation temperature by about 2.5°C. With some exceptions, isotopic temperatures of formation of dolomites at Sites 467, 468, and 469 match or are less than present subsurface temperatures computed from present thermal gradients and bottom-water temperatures (Tables 3 and 4) . If the dolomite thermometer is correct and if thermal gradients have remained temporally constant, then the results suggest that most Leg 63 dolomites formed at their present depths of burial or at somewhat shallower depths. Assuming constant thermal gradients and homogeneous isotopic compositions for dolomitic layers, we estimated formation depths from the isotopic temperatures (Table 3 ). The range is 87 to 658 meters and matches that reported by Hein et al. (1979) for authigenic carbonates in sediments of the southern Bering Sea. Using these depths and sedimentation rate curves for each site (see site chapters in this volume), we estimated the age or time of formation of each sample (Fig. 8) . The results suggest a wide time range in dolomite formation at any single site. Hein et al. (1979) Note: Reactions, depth intervals, and isotopic data compiled from Cooper and Bray (1963) , Eisma and Jung (1969) , Claypool et al. (1973 ), Claypool (1974 , Claypool and Kaplan (1974) , Irwin et al. (1977) , Curtis (1978) , Hein et al. (1979) . a Total dissolved CO2, mainly as bicarbonate, b Methane not present.
reached similar conclusions from their investigation of Bering Sea carbonates.
At Site 471 several dolomites, notably from Sections 471-20-1, 471-21-1, and 471-22-1, yield isotopic temperatures that exceed present subsurface temperatures by as much as 13 °C (Table 3 ). This discrepancy amounts to a maximum uncertainty of about ±98 meters in calculated formation depths. If the isotopic temperatures are correct, this uncertainty may indicate a past gradient that was somewhat higher than present at this site. The temperature discrepancies may also reflect isotopic exchange between dolomite and O 18 -depleted water or, alternatively, istopic nonequilibrium during authigenic carbonate precipitation.
Perhaps more significant is the possibility that dolomites nucleate at one depth and then continue to grow with additional burial (Kelts and McKenzie, 1980) . Observed chemical gradients across carbonate concretions (Raiswell, 1976) and δθ 18 excursions spanning as much as 10% 0 across single dolomite beds (Kelts and McKenzie, 1980) emphasize the importance of this mode of growth. A 10% difference in δθ 18 between the top and bottom of a single bed translates to a temperature difference of about 50°C. Thus formation temperatures and depths estimated from single measurements of dolomite zones in this study are approximations that may integrate isotopic effects of precipitation over a range of temperatures.
Carbon Isotopes-An Index of Organic Matter Decay
Carbon isotopes of authigenic carbonates precipitated within the various zones of microbial metabolic processes reflect the δC 13 of the carbon species in those zones (e.g., Table 1 and Fig. 9 ). Negative δC 13 carbonate values, as low as -25‰, can derive from abundant light-carbon CO 2 (as dissolved bicarbonate) in shallow zones of aerobic microbial oxidation and anaerobic sulfate reduction (Claypool, 1974; Claypool and Kaplan, 1974; Irwin et al., 1977; Curtis, 1978) . More positive δC 13 values, up to +18% (Hein et al., 1979) , occur below this zone where methane generation by CO 2 reduction in microbial metabolic processes produces residual heavy-carbon bicarbonate in interstitial waters through preferential removal of HC 12 O 3~ (Rosenfeld and Silverman, 1959; Claypool, 1974; Claypool and Kaplan, 1974) . Commonly this trend toward δC 13 enrichment reverses at greater burial depths, perhaps because of the imbalance between the rates at which light-carbon CO 2 is added and removed in methane production (Claypool, 1974) . The latter trend could yield light-carbon carbonates (δC 13 -10%) near the base of the zone of methanogenesis within the interval of thermocatalytic decarboxylation (e.g., Figure 9 , Table  2 ; also see Curtis, 1978) .
At Sites 467, 468 and 471, δC 13 values of dolomites generally decrease with increasing depths and temperatures of formation (Fig. 10) . At Sites 467 and 468, both the magnitudes of the δC 13 values and the direction of change suggest that these dolomites formed within the zone of methanogenesis (Zone III in Table 2 and Fig. 9 ). To evaluate the possibility that these dolomites might have formed in equilibrium with both CO 2 and CH 4 in this zone, we estimated equilibrium δC 13 values of these gases graphically from Fig. 11 using the carbonate δC 13 values and temperatures from δθ 18 data. The ranges in computed δC 13 values, CO 2 = -17% to 0% and CH 4 = -82% to -64% (Table 3) , are well within the observed ranges typical of the zone of methanogenesis (Table 2) , lending further support to the inference that these dolomites did indeed form within the zone of methane production.
The δC 13 depth and temperature trends at Site 471 are similar to those at Sites 467 and 468 (Fig. 10) ; however, three dolomites (from Sections 471-20-1, 471-21-1, and 471-22-1; Table 1) have extremely negative values that match or are lighter than the most negative values suggested for the zones of carbonate reduction or decarboxylation (Zones III and IV in Table 2 ; also see Irwin Compositional fields are: ML = marine limestone, FL = fresh water limestone, ED = evaporitic dolomites, MD = organically derived dolomites; these data are from Keith and Weber [1964], Milliman [1974] , Murata et al. [1969] , Irwin et al., [1977] and Hein et al. [1979; dolomites only] .) et al. [1977] and Curtis [1978] ). In addition, computed δC 13 equilibrium values for CO 2 and CH 4 associated with these dolomites fall outside the limits of observed values (Tables 2 and 3 ). These three light-carbon dolomites may have formed within the zone of sulfate reduction. If so, then their δθ 18 values may reflect either nonequilibrium exchange with pore waters or equilibrium with O 18 -depleted water. DeGiovani et al. (1974) postulate that light-carbon dolomite may form in organic-poor sediment by direct oxidation of organic matter to CO 2 whereas heavycarbon dolomites may precipitate in sediments with abundant organic matter where methane has been generated by CO 2 reduction. Although there is not a direct correlation for individual samples, total organic carbon in heavy-carbon dolomites and associated sediments at Sites 467 and 468 is high, in the range 0.6% to et al., 1969] ; curve b extrapolated dolomite-water [Matthews and Katz, 1977] ; curve c protodolomite-water [Fritz and Smith, 1970] , using constant dolomite-calcite fractionation of +3.1‰ given in Friedman and O'Neil [1977] ; and curve d, extrapolated dolomite-water [Northrup and Clayton, 1966] . All expressions use 1.0412 for the fractionation factor for CO 2 -H 2 O at 25 °C [Friedman and O'Neil, 1977] .)
9.5%; values are relatively lower, between 0.5% and 1.0%, at Site 471 where light-carbon dolomites occur (Table 1 and Fig. 5 ). Ultimately sedimentation rate may be the most important parameter influencing the timing, formation, and isotopic composition of authigenic carbonates in organic-rich sediments. Sedimentation rate controls both the preservation of organic matter and the extent of diffusion of oxygen and sulfate from overlying sea water into the sediment column. Slow rates of deposition would allow more complete oxidation of organic matter through aerobic pathways or anaerobic sulfate reduction, producing light-carbon carbonates; more rapid rates would inhibit diffusion of oxygen and sulfate in organic-rich sediment, promoting methanogenic processes and fostering heavier-carbon carbonates at shallow depths. Thermocatalytic decarboxylation could reverse this heavy-carbon isotopic trend perhaps through formation of abundant light-carbon CO 2 in excess of the amount that can be removed by methane production (e.g., Claypool and Kaplan, 1974) . A plot of δC 13 values of Leg 63 dolomites versus depositional rates of the enclosing sediments supports this relationship (Fig. 12) . At Site 471 extremely light-carbon dolomites occur in sediments deposited at relatively low rates. More positive values at Sites 467 and 468 correspond to higher rates of sedimentation. The trend apparently reverses again to lighter values for dolomites in rapidly deposited sediments lower in the hole at Site 471, which may reflect a later stage of decarboxylation.
CONCLUSIONS AND IMPLICATIONS
The significance of authigenic carbonate precipitation, particularly dolomite, in shallowly buried, organic-rich sediments deposited in productive areas along Grechin et al., this volume) .
continental margins and in small ocean basins is underscored by their widespread occurrence in Neogene and younger sediments in the Pacific region (e.g., Russell et al., 1967; Murata et al., 1969; Watanabe, 1970; Sawamura and Uemura, 1973; Claypool, 1974; Grechin, 1976; Hein et al., 1979; Friedman and Murata, 1979; Kelts and McKenzie, 1980; Moore and Gieskes, 1980) , off the east coast of the U.S. (Hathaway and Degens, 1969; Deuser, 1970) , in the Red Sea and Mediterranean regions (Supko et al., 1974; McKenzie et al., 1980) , and in older units exposed on land (e.g., Murata et al., 1969; Sass and Kolodny, 1972; DeGiovani et al., 1974; Raiswell, 1976; Irwin et al., 1977) . Our investigation of authigenic carbonates recovered during Leg 63 drilling off southern California and Baja California suggests formative conditions of shallow burial and low temperature in association with carbon dioxide and methane produced by microbial breakdown of organic matter. Most carbonates are dolomites containing 44 to 51 mole % MgCO 3 . Well-preserved sedimentary structures and unaltered calcareous microfossils within many dolomitic intervals argue for cementation or impregnation of the enclosing fine-grained diatomaceous and siliceous sediments rather than replacement of pre-existing carbonate ooze or limestone. Interstitial water profiles suggest dolomite precipitates Table 2 ). from water having Mg/Ca < 5 within zones of high alkalinity, the bicarbonate maxima resulting from production of abundant CO 2 by microbial metabolism and/or thermal decarboxylation in the anaerobic decomposition of organic matter. Oxygen isotopes coupled with data on present thermal gradients at each site suggest a considerable range in temperatures, depths, and the timing of formation of these dolomites. Carbon CO 2(g) -DOLOMITE Figure 11 . Fractionation curves of carbon for CO 2 (gas)-dolomite (tentatively computed from CO 2 -calcite [Bottinga, 1968] and dolomite-calcite [Sheppard and Schwarcz, 1970] ) and for CO 2 (gas)-CH 4 (gas) (Bottinga, 1969) . isotopes reflect dolomite formation within various subsurface zones of microbial decay of organic matter. Light-carbon dolomites, such as at Site 471 and perhaps Site 468, may have precipitated in sediments containing little organic matter in shallow zones of aerobic oxidation and sulfate reduction. Dolomites occurring in organic-rich sediments at Site 467 have more positive values and may derive from C 13 enriched bicarbonate in the zone of methane production. Ultimately sedimentation rate may dictate final isotopic compositions by controlling the preservation of organic matter and the extent of diffusion of oxygen and sulfate from overlying sea water into the sediment column; the latter process limits the depths of zones of organic matter diagenesis, particularly the depth of methane formation.
